Background/Objectives: This study aimed at evaluating the relationship of adiponectin concentration with total dietary antioxidant capacity in free-living, apparently healthy adults from the ATTICA study. Subjects/Methods: A random subsample from the ATTICA study, consisting of 310 men (40±11 years) and 222 women (38 ± 12 years), was selected. Adiponectin, along with other inflammatory markers, was measured in fasting participants. Dietary habits were evaluated using a food frequency questionnaire and the dietary antioxidant capacity was based on published values of Italian foods measured by three different assays: ferric-reducing antioxidant power (FRAP), total radical-trapping antioxidant parameters (TRAP) and trolox-equivalent antioxidant capacity (TEAC). Results: Positive associations were observed between dietary antioxidant capacity and adiponectin concentration, as assessed with FRAP (b±s.e. ¼ 0.012±0.005, P ¼ 0.018 per 1 mmol Fe (II)/day), TRAP (b±s.e. ¼ 0.030±0.013, P ¼ 0.017 per 1 mmol trolox equivalent/day) and TEAC (b ± s.e. ¼ 0.025 ± 0.012, P ¼ 0.042, per 1 mmol trolox equivalent/day) in multiadjusted analysis. Moreover, a negative relation of dietary antioxidant indices with inflammatory markers was revealed. Conclusions: Diets with high antioxidant capacity are related to increased adiponectin levels. An adiponectin-mediated route through which antioxidant-rich foods exert beneficial effects against inflammation and cardiovascular diseases can be thus hypothesized.
Introduction
The discovery of adipose tissue-released hormone-like proteins in the circulation has been a breakthrough in obesity and metabolic diseases research since the last few decades (Hajer et al., 2008) . Adiponectin exerts pleiotropic actions mainly by increasing insulin sensitivity, decreasing hepatic glucose production, enhancing fatty acid oxidation and improving endothelial dysfunction, although its role is not entirely understood (Hajer et al., 2008) . In parallel, adiponectin has emerged as a cardio-protective molecule, as it is negatively related to cardiovascular risk (Pischon et al., 2004) and to single or clustered risk factors (such as obesity, diabetes, hypertension and metabolic syndrome) (Han et al., 2007) . At the cellular level, it suppresses foam cell formation and adhesion molecule expression (Ouchi et al., 2001) ; it also stimulates the formation of nitric oxide in endothelium and attenuates the production of inflammatory molecules (Han et al., 2007) . Therefore, measures designed to increase adiponectin concentration could be beneficial for cardiovascular disease prevention.
Several lifestyle modifications have been shown to increase adiponectin expression, namely, physical activity, weight loss in most but not all studies (Puglisi and Fernandez, 2008 ) and a healthy dietary pattern, as suggested from epidemiological and intervention studies (Esposito et al., 2003; Mantzoros et al., 2006; Fargnoli et al., 2008; Guebre-Egziabher et al., 2008; Yannakoulia et al., 2008a, b; Fragopoulou et al., 2009) . Special attention has been drawn to a Mediterranean dietary pattern, rich in antioxidant and anti-inflammatory microconstituents, that favorably affects adiponectin expression in diabetic , obese (Esposito et al., 2003) and normal subjects, as recently shown (Fragopoulou et al., 2009) . Moreover, several antioxidants (such as procyanidins, catechins, resveratrol, curcumin, supplements) have been found to upregulate adiponectin expression in vitro (Cho et al., 2007; Subauste and Burant, 2007) , in animal models (Igarashi et al., 2007; Terra et al., 2008; Weisberg et al., 2008) and in human interventions (Vincent et al., 2006) , although some studies have shown no effect (Sutherland et al., 2007; Bruno et al., 2008; Valtuena et al., 2008) . A potential role of dietary antioxidants as adiponectin regulators is in accordance with the fact that oxidative stress may lower adiponectin expression (Furukawa et al., 2004; Hattori et al., 2005; Soares et al., 2005; Kamigaki et al., 2006; Subauste and Burant, 2007) . However, studies on individual antioxidants may not reflect their complex, multifaceted or synergistic effects on adiponectin expression. The recently developed concept of total dietary antioxidant capacity (Brighenti et al., 2005) overcomes this limitation by summarizing the capacity of different food antioxidants in scavenging free radicals. Indeed, existing studies have revealed an inverse association of total dietary antioxidant capacity with C-reactive protein (CRP) (Brighenti et al., 2005) , gastric cancer (Serafini et al., 2002) and total mortality (Agudo et al., 2007) , as well as a positive relation with plasma b-carotene (Brighenti et al., 2005; Valtuena et al., 2007) , which substantiates the value of this new dietary variable as a useful tool for the investigation of diet-disease relations in the epidemiological field.
In this context, the aim of this study was to evaluate, for the first time in literature, the relation of adiponectin concentration with dietary antioxidant intake in free-living, apparently healthy adults from the ATTICA study.
Subjects and methods

Study population
Details of the study design and procedures used in the 'ATTICA' epidemiological study have been previously published (Pitsavos et al., 2005) . The volunteers had no cold or flu, acute respiratory infection, dental problems or any type of surgery during the previous week and had no history of cardiovascular disease. For the purpose of this study, a random subsample from the ATTICA study's database, consisting of 310 men (40 ± 11 years) and 222 women (38 ± 12 years), was selected. No differences were observed between the selected subsample and the total study population regarding the distributions of age, gender, physical activity status, smoking habits and dietary characteristics (P40.3).
The study was approved by the Medical Research Ethics Committee of First Cardiology Clinic, School of Medicine, University of Athens and was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association. All patients gave their informed consent.
Dietary assessment
The evaluation of nutritional habits was based on a validated food frequency questionnaire (FFQ) (that is, the EPIC-Greek questionnaire) that was kindly provided from the Nutrition Unit of Athens Medical School (Katsouyanni et al., 1997) . All participants were asked to report the daily or weekly average intake of several consumed food items (during the previous year). The calculation of total dietary antioxidant capacity was based on previously published databases for Italian foods (Pellegrini et al., 2003 (Pellegrini et al., , 2006 , in which three different antioxidant assays were considered for each food: the total radical-trapping antioxidant parameters (TRAP) measuring the chain-breaking antioxidant potential (Ghiselli et al., 1995) , the ferric-reducing antioxidant power (FRAP) measuring the reducing power of the sample (Benzie and Strain, 1999) and the Trolox-equivalent antioxidant capacity (TEAC) measuring the ability of antioxidants to quench a free radical (ABTS þ ) (Re et al., 1999) . Values of Italian foods were preferred (Pellegrini et al., 2003 (Pellegrini et al., , 2006 over American ones (US Department of Agriculture, 2007) , given that from a nutritional point of view, they more closely resemble those consumed by the Greek participants. The EPIC-Greek FFQ has not been validated for total dietary antioxidant capacity, but intakes from this FFQ correlate well with plasma vitamin C but not with b-carotene (Katsouyanni et al., 1997) . Nevertheless, the validity of the estimation of total dietary antioxidant capacity from FFQs is satisfying, compared with that from food records, as suggested by other studies conducted in northern and southern (Rautiainen et al., 2008) European countries using the same databases (Pellegrini et al., 2003 (Pellegrini et al., , 2006 . Moreover, the total dietary antioxidant capacity has been assessed with the use of the EPIC FFQ in the Spanish cohort (Agudo et al., 2007) . In total, 14 fruit items, 17 vegetable items, 5 kinds of legumes, 6 beverages, 17 mixed dishes, chocolate, honey, jam, nuts and 4 cereal-based products were included in the analysis. Added fat was recorded, but not used in the analyses because of difficulties in quantification. However, the fat variable was almost constant because a large proportion of participants (about 95%) reported using olive oil as the main added fat. For composite traditional Greek dishes, widely accepted published recipes were considered (Trichopoulou, 2004) . Alcoholic beverages were not included in the analysis because of lack of information on the type (that is, red or white) and variety of wine consumed, the large variance in its antioxidant capacity and the concomitant errors occurring from assigning only one value to describe a highly heterogeneous variable. It is noteworthy, however, that alcohol consumption was not correlated with adiponectin in this cohort (Fragopoulou et al., 2009 ). In addition, coffee was excluded from the evaluation of dietary total antioxidant capacity, as the majority of participants consumed Greek traditional coffee, for which no information exists regarding its antioxidant capacity on the basis of specific experimental procedures. In addition to this limitation, no detailed information was available for the type of coffee consumed by the rest of the sample. As adiponectin has been found to be positively related to the adoption of healthy dietary schemes (Fragopoulou et al., 2009 ), a Mediterranean Diet Score was also considered, as previously described (Fragopoulou et al., 2009) . More particularly, a score ranging from 0 to 55 was calculated on the basis of the degree of compliance to the traditional Mediterranean diet pattern (with higher scores reflecting higher compliance) (Supreme Scientific Health Council, 1999) to evaluate the overall dietary habits of participants.
Lifestyle variables
Current smokers were defined as those who smoked at least one cigarette per day. For the ascertainment of physical activity status, an index of weekly energy expenditure was developed by multiplying the weekly frequency of exercise with duration per time and intensity class (giving values of 1-3 for light-to-high intensity) (metabolic equivalents (METs) minutes per week). Given the high variability of exercise habits, another rough classification was also made, in which physically active volunteers were those who exercised 41 time per week, whereas the remaining subjects were defined as physically inactive. Height and weight were measured and body mass index (weight in kg/height 2 in m 2 ) was calculated.
Clinical and biochemical characteristics
Resting arterial blood pressure was measured thrice with the subject in a sitting position. Fasting blood samples were collected. CRP was assayed by particle-enhanced immunonephelometry. Interleukin-6 (IL-6) was measured by sensitivity ELISA. The intra-assay and interassay coefficients of variation were o5% for CRP and o10% for IL-6. Tumor necrosis factor-a (TNF-a) was measured using the Quantikine HS/immunoassay kit. The intra-and interassay coefficients of variance for TNF-a were o7 and 21%, respectively. Adiponectin was measured by ELISA (R&D Systems Inc, Minneapolis, MN, USA). The intra-assay coefficient of variation was o10% for adiponectin. All samples were measured in duplicate serum samples. Blood lipid examinations (serum total cholesterol, highdensity lipoprotein-cholesterol and triglycerides) were conducted using the chromatographic enzymatic method in a Technicon automatic analyzer RA-1000 (Dade Behring, Marburg, Germany). Low-density lipoprotein-cholesterol was calculated using the Friedewald formula. The intraand interassay coefficients of variation of cholesterol levels did not exceed 3%, that of triglycerides 4% and that of highdensity lipoprotein-cholesterol 4%. Patients with blood pressure greater or equal to 140/90 mm Hg or patients under antihypertensive medication were classified as hypertensives. Hypercholesterolemia was defined as total serum cholesterol levels 4200 mg per 100 ml or the use of lipidlowering agents. Diabetes mellitus was defined as a fasting blood glucose level 4125 mg per 100 ml or the use of antidiabetic medication.
Statistical methods
Continuous variables are presented as mean values± standard deviation. Categorical variables are presented as frequencies. Associations between categorical variables were tested using the w 2 -test, whereas associations between adiponectin categories and several biochemical, clinical and nutritional variables were tested using analysis of variance. However, because of multiple comparisons, Bonferroni's correction was used to account for the increase in type I error. Correlations between total dietary antioxidant capacity and logarithmically transformed adiponectin, as well as other inflammatory markers were tested using Pearson's correlation coefficient. Adiponectin, CRP and IL-6 levels were log transformed because of their skewed distribution. Normality was tested using the Kolmogorov-Smirnov criterion. Multiple linear regression models were applied to test the association between dietary FRAP, TRAP, TEAC and logarithmically transformed adiponectin levels, after controlling for several potential confounders. Standardized residuals were used to test the model's goodness-of-fit. The Variance Inflation Factor (VIF) evaluated the level of colinearity between impendent factors in regression analysis (VIF44 suggests co linearity). R 2 values were calculated to evaluate the explanatory ability of various foods and beverages on FRAP, TRAP and TEAC levels. All reported P-values are based on two-sided hypotheses and compared with a significance level of 5%. SPSS 14 (SPSS Inc., Chicago, IL, USA) software was used for all statistical calculations.
Results
In Table 1 , the main descriptive and biochemical characteristics of the participants are shown separately for men and women. As observed, men were older, had a higher body mass index, smoked less and had higher concentrations of triglycerides, and total-and LDL-cholesterol levels than did women. Moreover, men had lower high-density lipoproteincholesterol values than did women, whereas glucose levels were not different between the two groups. Markers of inflammation (that is, IL-6, TNF-a and CRP) were significantly higher in men, whereas adiponectin was lower in men compared with women. In Table 2 , the main dietary characteristics of participants are presented. As far as dietary habits are concerned, no gender-related difference was observed, except for alcohol and legume consumption. No differences in dietary antioxidant capacity were observed between men and women. In Table 3 , the R 2 values are presented, derived from simple regression analysis, with dietary FRAP, TRAP and TEAC as dependent variables and several food groups or food items as independent ones. Fruit and vegetable consumption showed the higher explanatory ability of dietary antioxidant variation. In Table 4 , correlation coefficients of total dietary antioxidant capacity indices with concentrations of adiponectin and other inflammatory markers are presented. All markers of dietary antioxidant capacity (that is, FRAP, TRAP and TEAC) exhibited positive correlations with adiponectin (Po0.05). Moreover, CRP was inversely correlated with FRAP, TRAP (Po0.05) and marginally with TEAC (P ¼ 0.064), IL-6 was negatively associated with TRAP, TEAC (Po0.05) and marginally with FRAP (P ¼ 0.057), whereas no association was found for TNF-a.
To test the hypothesis for an association of dietary antioxidants and adiponectin levels after adjustment for confounding factors, we applied multiple linear regression analyses (Table 5) . Positive associations were observed between dietary antioxidant capacity in terms of FRAP, TRAP and TEAC on adiponectin concentrations, after adjusting for age, sex, smoking habits, physical activity status, body mass index, presence and treatment of diabetes, hypertension and hypercholesterolemia, alcohol intake, energy intake and Mediterranean diet score. Multi-colinearity was not present (VIFo1). Importantly, 1 mmol/day change in dietary Dietary antioxidant capacity and adiponectin P Detopoulou et al antioxidant capacity was related to B1 mg/ml change in adiponectin levels. No adjustments were made for dietary fiber, which has been found to be positively related to adiponectin (Qi et al., 2006) , because of its high correlation with dietary antioxidant capacity and potential colinearity. It is noteworthy that the investigated indices of dietary antioxidant capacity showed a tendency for inverse association with CRP levels (b ± s.e., FRAP per 1 mmol/day: À0.017 ± 0.10, P ¼ 0.07, TRAP per 1 mmol/day: À0.053 ± 0.026, P ¼ 0.046 and TEAC per 1 mmol/day: À0.037±0.024, P ¼ 0.11) and IL-6 levels (FRAP per 1 mmol/day: À0.003±0.002, P ¼ 0.058, TRAP per 1 mmol/day: À0.009 ± 0.004, P ¼ 0.043 and TEAC per 1 mmol/day: À0.007±0.004, P ¼ 0.09) after multiadjustment. No significant associations were observed between dietary antioxidant indices and TNF-a levels (P ¼ 0.28).
Discussion
To our knowledge, this is the first study showing that the total dietary antioxidant capacity, as assessed with FRAP, TRAP and TEAC indices, was a determinant of adiponectin and other inflammatory marker concentrations after adjustment for age, sex, smoking habits, physical activity status, body mass index, presence and treatment of diabetes, hypertension and hypercholesterolemia, consumption of alcoholic beverages, energy intake and adherence to the Mediterranean diet.
In this study, three different indices were calculated, namely, dietary FRAP, TRAP and TEAC, which reflect different antioxidant mechanisms. The total dietary antioxidant capacity in the ATTICA sample was 7552 mmol Fe(II) per day by the FRAP assay and 2693 and 3037 mmol trolox equivalents by the TRAP and TEAC assays, respectively. For comparison purposes, it should be mentioned that values for total dietary antioxidant capacity of Mediterranean diets present a wide range, probably because of the presence of a variety of foods with a high antioxidant content (Brighenti et al., 2005; Saura-Calixto and Goni, 2006; Agudo et al., 2007; Pellegrini et al., 2007) . The values found in this study are close to those reported for Spain (Saura-Calixto and Goni, 2006; Agudo et al., 2007) and Sweden (Rautiainen et al., 2008) , lower than those of Italy Valtuena et al., 2007 Valtuena et al., , 2008 ) and higher than those of a Scottish sample (Haleem et al., 2008) . It should be noted that an underestimation of the total dietary antioxidant capacity is possible, given that in this study, neither alcoholic beverages nor coffee was included in the estimation of FRAP, TRAP and TEAC.
Although our study first provides a rough estimation of the dietary antioxidant capacity in a Greek sample, its novel contribution lies in the observed positive association of the total dietary antioxidant capacity with adiponectin, independent of various confounding factors. This finding was consistent for all the dietary antioxidant capacity indices used in the analysis, which corroborates its biological soundness. Our results support and extend the in vitro data, suggesting that antioxidants can regulate adiponectin Table 4 Pearson correlation coefficients between total antioxidant capacity and concentration of adiponectin and other inflammatory markers Log-adiponectin (mg per 100 ml) TNF-a (pg/ml) Log-CRP (mg/l) Log-IL-6 (pg/ml)
Abbreviations: CRP, C-reactive protein; FRAP, ferric-reducing antioxidant power; IL-6, interleukin-6; TEAC, trolox-equivalent antioxidant capacity; TRAP, total radicaltrapping antioxidant parameters; TNF, tumor necrosis factor-a. The P-values for the regression coefficients are shown in parentheses. Table 5 Results from multiple regression analyses that evaluated the association between dietary antioxidants intake (independent) and log-adiponectin levels (dependent), among apparently healthy adults b ± s.e. Abbreviations: BMI, body mass index; FRAP, ferric-reducing antioxidant power; TEAC, trolox-equivalent antioxidant capacity; TRAP, total radical-trapping antioxidant parameters. All three models were adjusted for age, sex, current smoking habits, physical activity status (yes or no), BMI, presence and treatment of diabetes, hypertension, hypercholesterolaemia, alcohol intake, energy intake and Mediterranean diet score.
P-values
expression through a reduction of oxidative stress (Furukawa et al., 2004; Hattori et al., 2005; Soares et al., 2005; Kamigaki et al., 2006; Subauste and Burant, 2007) . Indeed, adiponectin expression seems to be increased under stimuli of several dietary antioxidants, such as grape seed procyanidins (Terra et al., 2008) , catechins (Cho et al., 2007; Igarashi et al., 2007) , resveratrol (Subauste and Burant, 2007) , curcumin (Weisberg et al., 2008) and antioxidant supplements (Vincent et al., 2006) , although some studies have shown different effects (Sutherland et al., 2007; Bruno et al., 2008; Valtuena et al., 2008; Weisberg et al., 2008) . A limitation of the above mentioned studies is the investigation of sole compounds instead of a whole diet rich in antioxidants, as that reflected through the concept of total dietary antioxidant capacity. A recent intervention study showed an increase in b-carotene levels after following a 2-week diet with a high antioxidant capacity (Del Rio et al., 2009) . There is only one intervention study with regard to total dietary antioxidant capacity and adiponectin levels, in which subjects followed two diets for 2 weeks; one with a high and the other with a low dietary antioxidant capacity, both providing the recommended servings of fruit and vegetables (Valtuena et al., 2008) . Although changes in hepatic enzymes, CRP and several markers of oxidative stress were recorded, no difference was observed in adiponectin levels (Valtuena et al., 2008) . Nevertheless, it can be hypothesized that more extended time periods may be needed to induce changes in adiponectin expression by adipose tissue. In fact, the average duration of intervention studies investigating the effects of antioxidants, as well as other nutrients or dietary schemes on adiponectin expression was more than 8 weeks (Esposito et al., 2003; Ramel et al., 2008; Terra et al., 2008; Weisberg et al., 2008) . In this context, the assessment of total dietary antioxidant capacity in our study over a 1-year period covered by the FFQ was adequate to detect the relationship between dietary antioxidants and adiponectin. The hypothesis of antioxidants as a potential regulator of adiponectin is consistent with results from the food group analysis in this cohort, showing that adiponectin levels were positively correlated with antioxidant-rich foods such as fruits (R 2 B40%), vegetables (R 2 B36%), legumes, chocolates and nuts (Table 3) . It should be noted that the potential regulation of adiponectin by the above-described food groups is in line with the fact that dietary schemes rich in fruits and vegetables seem to be positively related to the adiponectin concentration (Yannakoulia et al., 2008a; Fragopoulou et al., 2009) . In this context, it could be argued that dietary antioxidant capacity offers no extra benefit beyond a healthy Mediterranean pattern. However, this study showed that adiponectin is related to both dietary antioxidant capacity and the Mediterranean diet score when these two parameters were considered in multiple regression models.
Several hypotheses can be formulated regarding the possible molecular mechanisms through which adiponectin may be increased by antioxidant substances. Antioxidants may directly target key transcription factors, such as PPAR-g (peroxisome proliferator-activated receptor-g) and sterol regulatory element-binding protein, which are responsible for adiponectin expression regulation (Han et al., 2007; Doran et al., 2008; Rayalam et al., 2008) . Several antioxidants (Malhotra et al., 2008; Natsume et al., 2009 ) may also favorably influence endoplasmic reticulum stress, which is connected to decreased adiponectin levels , although limited data exist in this area. Last but not the least, a potential explanation for the observed relations may lie in the twilight zone between oxidative stress and inflammation. Interestingly, in multiadjusted analysis, the total dietary antioxidant capacity by FRAP, TRAP and TEAC assays was negatively correlated with inflammatory markers. The implication of dietary antioxidants in the modulation of inflammatory load has been extensively investigated and is in accordance with other epidemiological (Brighenti et al., 2005) and intervention studies (Valtuena et al., 2008) . This finding may thus provide an additional inflammation-mediated mechanism of adiponectin regulation (Bruun et al., 2003; Fasshauer et al., 2003) by antioxidants in our study, although the exact mechanisms are difficult to isolate.
Despite the strengths of this study already mentioned above, some important caveats deserve attention. The crosssectional nature of this study does not permit to draw conclusions of a cause-effect nature but is helpful in hypothesis generation. Although we adjusted for potential covariates, residual confounding may still exist. An important variable not used in adjustments is fiber, as no data existed in the ATTICA database, and colinearity with FRAP, TRAP and TEAC values is difficult to avoid (given the fact that fiber is highly correlated with fruit and vegetables). Moreover, data on food antioxidant capacities were based on already published values and were not directly measured on Greek samples. To account for this error, Italian values were used, although differences in the antioxidant content of Italian and Greek foods may still exist. It is noteworthy that values of raw instead of cooked foods were available in the database used (Pellegrini et al., 2003 (Pellegrini et al., , 2006 , and cooked vegetables have been found to show higher values of total dietary antioxidant capacity (Miglio et al., 2008) . The in vitro assessment of antioxidant capacities constitutes an additional concern, given that components contributing to in vitro antioxidant activity may not exhibit comparable bioactivity in vivo. It is also possible that any given antioxidant capacity attached to items of the FFQ is accompanied by other protective actions of nutraceuticals, which could indirectly contribute to the observed relations.
In conclusion, our study was the first to reveal a positive relationship of total dietary antioxidant capacity with adiponectin levels, irrespective of potential confounders. Despite the difficulty in extrapolating results from in vitro assays to in vivo effects, the present study suggests a potential route through which a diet rich in antioxidants can increase adiponectin levels and exert beneficial effects against inflammation. Nevertheless, because of the cross-sectional design of this study, further long-term randomized clinical trials are needed to confirm or refute our finding.
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